We experimentally demonstrate an ultra-thin plasmonic optical rotator in the visible regime that induces a polarization rotation that is continuously tunable and switchable by an external magnetic field. The rotator is a magneto-plasmonic hybrid structure consisting of a magneto-optical EuSe slab and a one-dimensional plasmonic gold grating. At low temperatures, EuSe possesses a large Verdet constant and exhibits Faraday rotation, which does not saturate over a regime of several Tesla. By combining these properties with plasmonic Faraday rotation enhancement, a large tuning range of the polarization rotation of up to 8.46 for a film thickness of 220 nm is achieved. Furthermore, through experiments and simulations, we demonstrate that the unique dispersion properties of the structure enable us to tailor the wavelengths of the tunable polarization rotation to arbitrary spectral positions within the transparency window of the magneto-optical slab. The demonstrated concept might lead to important, highly integrated, non-reciprocal, photonic devices for light modulation, optical isolation, and magnetic field optical sensing. The simple fabrication of EuSe nanostructures by physical vapor deposition opens the way for many potentially interesting magneto-plasmonic systems and three-dimensional magneto-optical metamaterials.
INTRODUCTION
A static magnetic field can alter the electromagnetic properties of materials and the way they interact with light. Depending on the actual material composition and nanostructure, such an interaction can give rise to non-trivial effects on the microscale or even the sub-microscale. For instance, an external magnetic field is capable of changing the rotation of polarization by a thin layer of magneto-optical material, which is termed the Faraday effect in transmission geometry 1,2 and polar Kerr effect in reflection geometry. [3] [4] [5] [6] Such a magnetic field can also influence the intensity of light transmitted and reflected in scenarios of the transverse magneto-optical Kerr effect [7] [8] [9] and longitudinal magneto-photonic intensity effect. 10 Applying a magnetic field to magneto-optical materials can also change the nonlinear optical effects of the material. [11] [12] [13] [14] [15] These physical effects provide us with versatile approaches to develop magnetically tunable devices. 16, 17 In optical applications, the Faraday effect proves to be a versatile mechanism to manipulate light. When light travels through a magneto-optical medium, the induced polarization rotation h is given for small magnetic fields by
where l is the optical path length, B is the magnetic field component in the propagation direction and v is the material specific Verdet constant. The magnetic-field-dependent Faraday rotation angle can be directly utilized in magnetic field sensing 18, 19 and optical modulation. 20 In contrast to optical activity 21 the Faraday rotation is a non-reciprocal 22, 23 polarization rotation effect. This fact means that the sign of the rotation is always relative to the direction of the magnetic field, whereas optically active media rotate the polarization relative to the direction of the wave vector. This property leads to the most prominent application of Faraday rotators, i.e., as core elements in optical isolators. These devices realize one-way light propagation to suppress parasitic feedback in a multitude of optical systems, including optical telecommunication networks [24] [25] [26] and laser systems. [27] [28] [29] In addition, systems with less restricted symmetry properties that exhibit asymmetric transmission of light (both in a reciprocal and non-reciprocal manner) have gained considerable attention recently. [30] [31] [32] In the applications mentioned above, there is a strong trend toward highly integrated, tunable devices that demand dramatically downsized Faraday rotators. For the visible and standard telecommunication wavelengths in particular, the thickness of available Faraday rotators typically based on Bismuth-doped iron garnet (BIG) thick films 33 is on the order of centimeters. 34 This is due mainly to the fact that a minimum optical path length must be available to reach a desired rotation range according to Equation (1). In many optical systems, such as laser systems, the optical isolation devices are the components limiting device miniaturization. 35 All existing non-conventional approaches to achieve optical isolation with significantly smaller devices suffer from large insertion losses. 25, 26 Furthermore, the magnetic tunability of Faraday rotators is often limited by the saturation of Faraday rotation for an increasing magnetic field. Thus, to achieve a Faraday rotator with a large tuning range, it is desirable to utilize a material with not only a large effective Verdet constant but also a high saturation magnetic flux density. Here, we demonstrate a novel magneto-plasmonic structure that is designed to provide both properties while simultaneously maintaining a small physical size.
In recent years, plasmons have proved capable of enhancing a number of magneto-optical effects, 4, 5, 8, 9, 36 which demonstrates their potential for ultra-thin magneto-optical devices. Using plasmons to enhance the Faraday effect has been proposed theoretically 37, 38 and demonstrated experimentally. 36 The experimental demonstration suggested a hybrid plasmonic-dielectric waveguide, [39] [40] [41] consisting of a thin BIG film and an attached plasmonic grating, which realizes a sophisticated mechanism to enhance Faraday rotation. Here, we employ this mechanism and advance it to 220-nm-thick devices, which show five times greater polarization rotation than in previously reported experiments. In addition, we experimentally demonstrate active magnetic tuning of the polarization rotation. In contrast to BIG, the utilized waveguide material EuSe provides a stronger magneto-optical response and also allows much simpler fabrication, which enables the creation of three-dimensional (3D) magneto-plasmonic metamaterials. Furthermore, we demonstrate, for the first time, that the dispersion properties of such structures can be exploited to freely tailor the working wavelength of the structure within the transparency window of the magneto-optical material. This novel concept for an actively tunable thin-film optical rotator with a designated working wavelength will have important applications in highly integrated optical environments.
MATERIALS AND METHODS
A large Faraday rotation angle might seem to be contradictory to a thin-film rotator structure. However, the two aspects can be combined by making the rotator structure resonant. The non-reciprocity 22, 23 of the Faraday effect allows light to accumulate rotation of the same sign and magnitude for both forward and backward propagation. This behavior means that when light propagates through a medium and is reflected in the backward direction, the accumulated Faraday rotation is twice the rotation of only one pass. This rotation can be enhanced even further by additional round-trips through the medium.
This principle is utilized in the magneto-plasmonic structure schematically depicted in Figure 1a . The structure consists of a EuSe slab waveguide and a gold wire grating on top. Both the magnetic field and wave vector of the incident light are assumed to point in the same direction and perpendicular to the EuSe film. Henceforth, the incident polarization parallel and perpendicular to the wires is referred to as transverse electric (TE) and transverse magnetic (TM), respectively.
The gold nano-wire grating has two functions. First, it acts as a waveguide coupler and allows normally incident light to couple into the slab waveguide modes. The wave vectors of these modes possess a significant component in the z-direction. In the picture of ray approximation, this scenario can be understood as light bouncing back and forth inside the magneto-optical film ( Figure 1a ) and accumulating the rotations of multiple round-trips. When light is eventually coupled out of the film due to a finite lifetime, the effective Faraday rotation is significantly larger than that for a bare film.
Many applications require wavelength-specific device operation. The presented structure design provides the freedom to tune the working wavelength (i.e., the spectral region with largest rotation enhancement) to arbitrary positions within the transparency window of the magneto-optical film. To explain the principle behind the wavelength tunability, we must first consider the connection between Faraday rotation enhancement and the dispersion properties of the hybrid structure. The largest Faraday rotation enhancement occurs at wavelengths at which the structure supports both a TM-polarized and TE-polarized mode. In that case, the TM-to-TE conversion (i.e., polarization rotation) can occur most efficiently. The modes excited by TE-and TM-polarized incident light are themselves not purely (but mainly) TE-and TM-polarized due to the anisotropic permittivity tensor of the magneto-optical material. However, in the interest of readability, these modes are referred to here as TE and TM modes, respectively.
To overlap the TE and TM modes in k-space as well as at their energetic position, the second function of the metallic grating comes into play. In TM polarization, the gold wires provide a localized particle plasmon resonance that hybridizes with the TM waveguide 40 of the magneto-optical slab and forms a waveguide-plasmonpolariton (WPP). For the resulting TM-polarized WPP, there will then always exist a grating period such that its dispersion curve intersects with a TE waveguide dispersion curve at the same wavelength. This mechanism is illustrated in Figure 1b , which schematically displays the dispersion behavior of the magneto-plasmonic hybrid structure. The lines in the diagram trace the resonance frequencies of the TE and TM modes for different grating periods. The solid lines correspond to the case when the grating coupler is made of a dielectric material and thus does not support any plasmonic resonance. The dispersion for a metallic waveguide coupler is depicted as dotted lines. In the dielectric case, the TE and TM modes never overlap except for the zero grating period or inclined incidence, 39 whereas they overlap in the metallic case owing to the formation of the WPP. This effect occurs because, as a result of the coupling of the localized particle plasmon to the TM waveguide mode, the dispersion curve of the TM mode is bent over the TE waveguide-mode dispersion curve and an intersection is created.
The position of this intersection directly depends on the wavelength of the localized particle plasmon of the grating wires. By increasing (decreasing) the wire width of the grating, both the plasmonic resonance and intersection point of the TM and TE modes shift toward longer (shorter) wavelengths and larger (smaller) periods. Based on this feature, we will demonstrate the tuning of the working wavelength experimentally in the section on 'Results and discussion'.
A magneto-optical waveguide material with both a large Verdet constant and high saturation magnetic flux density was used to obtain a large tuning range of polarization rotation. In the 1960s, in the context of research on bubble memories, the group of Europium chalcogenides received attention for their exceptional magnetic properties and strong magneto-optical response at low temperatures. [42] [43] [44] In particular, the compound EuSe, which was used for the present structures, exhibits extremely large Faraday rotation angles on the order of 1 degree per Tesla and micrometer thickness in the visible wavelength range at temperatures of 30 K. EuSe also possesses a high saturation magnetic flux density of 2-5 T, depending on the wavelength. 42, 44, 45 Furthermore, the fabrication of EuSe thin films is very simple and was carried out by physical vapor deposition. 46 This feature is a significant advantage over BIG, which is widely utilized both in magneto-optical devices 33, 34 and concept studies. 26, 36, 47 BIG films are typically fabricated by pulsed laser deposition 48 followed by hightemperature annealing, which is largely restricted to homogeneous films and does not allow for the direct incorporation of other materials, such as plasmonic nanostructures, into the film. With the flexibility of physical vapor deposition, EuSe provides the possibility of fabricating more sophisticated potential future designs, including 3D geometries, where the magneto-optical and plasmonic elements are merged. The gold gratings attached to the EuSe films were fabricated by electron beam lithography. 49 The Faraday rotation measurements for the EuSe-Au hybrid structures were performed in a magnet cryostat at 30 K. The polarization rotation was measured with a rotating analyzer between the illuminated sample and a spectrometer. Because the present structures are anisotropic for rotation measurements, it is crucial that the incident light be either purely TE-or TM-polarized. For other incident polarizations, undesired reciprocal rotation contributions occur owing to different transmittances for TE and TM polarization. Wavelengthdependent deviations from the pure TE or TM polarizations can occur due to the Faraday rotation from glass elements within the reach of the magnetic field of the magnet cryostat. This behavior arises mainly as a result of cryostat windows and focusing lenses. For this reason, an intra-cryostat polarizer was placed directly in front of the sample. To avoid any Faraday rotation due to the glass components of the polarizer itself, a nanoparticle polarizer 50 was used when the polarizing metal particles were situated directly under the glass surface facing the sample.
The numerical simulations have been carried out by the Fourier modal method for anisotropic materials. 51 Our implementation is based on a scattering matrix algorithm 52 and has been improved by adaptive spatial resolution, 53 which allows us to derive the optical properties of metallo-dielectric systems efficiently. In addition to the calculation of far-field spectra, we used our ab initio method to derive the photonic resonances, 54 in which we search for the poles of the resulting scattering matrix on the complex frequency plane.
The gold has been described by tabulated data to calculate the farfield spectra. 55 The derivation of the photonic resonances requires an analytical continuation on the complex frequency plane, which has been achieved by the model described by Etchegoin et al. 56 For the substrate, we used a constant relative permittivity of epsilon52.13. The diagonal elements of the permittivity tensor of the EuSe film were modeled using experimental data gained from transmission measurements of different plasmonic gratings on top of a EuSe slab. The offdiagonal elements of the dielectric tensor were obtained from measurements of a blank EuSe film at 30 K and 5 T, which is the condition given in the performed experiments.
RESULTS AND DISCUSSION
To support the principle of the Faraday rotation enhancement, the dispersion behavior of the demonstrated structures was simulated using the scattering matrix method. The simulations confirm the formation of WPPs in the EuSe-Au hybrid structure for TM incidence and also show that the maximum Faraday rotation enhancement can be expected around the intersection of the TE waveguide mode and TM-polarized WPP. The upper panels of Figure 2 show the simulated absorbance spectra for a 150-nm-thick EuSe film with a gold wire grating on top for varying the grating periods. The gold wires are assumed to be 70 nm thick and 70 nm wide. The black and white dashed lines trace the radiating TE-and TM-mode resonance frequencies of the EuSe hybrid structure and have been derived ab initio from the scattering matrix. 54 The non-radiating resonance modes are omitted. The diffraction induced Rayleigh anomaly 40 is plotted in red. For small periods, the TM hybrid-mode dispersion is dominated by the plasmonic resonance of the gold wires and is therefore relatively broad with a weak dependence on the grating period. For larger periods, the TM hybrid-mode dispersion becomes more waveguide-like and converges toward a sharp and purely waveguide-induced resonance. Because the localized particle plasmons in the gold wires can be excited only for TM-incident polarization, the TE-mode dispersion shows a distinct feature of a waveguide resonance. The corresponding Faraday rotation spectra are shown in the lower panels of Figure 2 . The maximum Faraday rotation occurs around the intersection of the TE and TM mode dispersion, as predicted from the discussion in the previous section. For the case when the wave vector of the incident light is tilted, the dispersion behavior changes according to the discussion by Christ et al. 39, 40 for non-magneto-optical hybrid structures. However, the criterion for maximum Faraday rotation enhancement remains unchanged: it occurs where the TM WPP has the strongest overlap with the TE waveguide modes. More discussion on that matter can be found in the supplement of the article. There, we also elaborate on the influence of the waveguide thickness and provide additional simulations. The simulated dispersion behavior for normal incidence was subsequently confirmed experimentally. Figure 3a displays transmittance and Faraday rotation spectra for TM incidence for different grating periods. The corresponding spectra from the simulations are plotted in Figure 3b . The black curves represent the case of a blank film without grating. The blue curves correspond to a 360-nm grating period and represent the case where the TE-and TM-mode dispersions have the greatest overlap. Hence, the largest Faraday rotation enhancement is achieved. At 662 nm, the structure exhibits a Faraday rotation of 4.2 6 at reasonably high transmittance of 30%. The other curves show that when the period is increased, the enhancement of the rotation decreases as the TE and TM modes move farther apart. As in the color-coded absorbance diagram in Figure 2 , the resonance features of the TE mode (negative rotation contribution) and TM mode (positive rotation contribution) are drifting away from each other with an increasing grating period while simultaneously flattening out. The simulated and experimental data correspond well, although there is a difference in the Faraday rotation baseline plotted in black. This discrepancy is caused by the limited temperature accuracy of our cryostat system. In principle, this effect can be completely eliminated by using a cryostat that can maintain a temperature below 7 K, which is the Néel temperature of EuSe, below which the magneto-optical rotation is maximum and temperature independent. Earlier measurements (not shown here) confirmed that in this temperature range, the Faraday rotation of EuSe is even larger and not temperature-dependent.
As explained in the previous section, the Faraday rotation of the waveguide material can be enhanced at selected wavelengths. The only requirement is that the material offers a sufficiently low absorption at the wavelength of interest to achieve a high-quality factor of the waveguide resonator. From the visible to the near infrared, EuSe is transparent at wavelengths larger than 550 nm. 57 Figure 4 shows the measured Faraday rotation spectrum of a 150-nm-thick EuSe film at a temperature of 30 K and a magnetic flux density of 5 T. The black curve denotes the Faraday rotation for the case without plasmonic enhancement. Around the material resonance at 550 nm, EuSe shows largest Faraday rotation, which decreases toward the near-infrared spectral region while approaching a non-zero value. By tailoring the plasmonic gratings such that the TE waveguide mode and TM WPP mode dispersions overlap at different wavelengths, the Faraday rotation can be enhanced selectively at these tailored wavelengths. In the section on 'Materials and methods', it was shown that for a given thickness of the magneto-optical slab, this overlap can be achieved by just tuning the wire width and period of the metal wires. The colored curves in Figure 4 correspond to three different plasmonic gratings, which fulfill the TE-TM-matching condition. All gratings share a constant wire thickness of 70 nm. Both the wire width w5(70 nm, 80 nm, 90 nm) and the grating period p5(360 nm, 390 nm, 420 nm) are increasing from left to right. The resulting maximum absolute values of Faraday rotation are located at the wavelengths l5(662 nm, 695 nm, 736 nm). For longer wavelengths, both the intrinsic Faraday rotation of the film and the enhanced rotation are decreasing. This finding is in agreement with the assumption that the enhanced Faraday rotation and the intrinsic Faraday rotation of a film are approximately proportional to each other for constant absorption, a constant waveguide coupling efficiency, and thus, a constant quality factor. The magnetic field dependence of the Faraday rotation was measured to demonstrate the polarization tuning capability of the demonstrated EuSe-Au structures. Figure 5a shows the Faraday rotation of the structure with a 360-nm grating period, 70-nm wire thickness and 70-nm wire width for TM incidence. The magnetic field was varied from 25 T to 15 T. The structure geometry yields largest Faraday rotation at 663 nm. For this wavelength, a polarization rotation tuning range from 24.2 6 to 14.2 6 is obtained. The tuning behavior is nearly linear in the magnetic field, as can be extracted from Figure 5b . The polarization rotation measurement for inverted magnetic fields also acts as a control experiment to reveal potential spurious non-magnetically induced contributions. As discussed in the section on 'Materials and methods', due to the sample anisotropy, such effects can occur when the incident polarization deviates from an exactly TE or TM polarized state, for instance, as a result of the Faraday rotation of the cryostat windows. The highly mirror symmetric behavior of the measured rotation spectra in Figure 5a clearly shows that polarization errors of the incident light are well under control and sufficiently small.
CONCLUSIONS
We experimentally and theoretically demonstrated an actively tunable thin-film optical rotator with a variable working wavelength. To this end, we combined a slab of EuSe that possesses a large Verdet constant and high saturation magnetic flux density with an intelligent plasmonic grating design. The resulting structures exhibit special dispersion properties that allow for the overlap of TE-and TM-polarized eigenmodes to obtain significant Faraday rotation enhancement at designated wavelengths. The wavelength of interest can be selected by tuning the grating period and grating wire width. The magnitude of optical rotation can be magnetically tuned over a wide angular range and exhibits a nearly linear behavior of rotation with applied field. At 30 K for a 220-nm-thick structure, a rotation tuning range of up to 8.4 6 was obtained. For the present structure, this range can presumably be doubled when cooling down to temperatures below the Néel temperature of EuSe, which is 7 K.
We expect the demonstrated concept to have applications in highly integrated optics, demanding actively controlled optical modulation, 20 magnetic field sensing 18, 19 and optical isolation. [24] [25] [26] [27] [28] [29] Furthermore, the presented structure geometry is suitable for large-area fabrication, 58, 59 which makes it a promising candidate design for non-reciprocal coatings of optical elements, such as lenses, with active external control at specific wavelengths. In addition, the direct attachment onto optical fiber ends [60] [61] [62] or onto laser diodes could yield devices with extremely small volumes for a highly integrated environment.
The working principle of the presented structures is not restricted to EuSe as a waveguide material. It can be directly transferred to other magneto-optical materials. The only requirement is that the magnetooptical material provides a transparency window near the wavelength region of interest and a sufficiently high surface quality to ensure a high quality factor. These requirements can be met by commonly used room temperature magneto-optical materials, such as BIG, 48 yttrium iron garnet (YIG) 48 or terbium gallium garnet (TGG). 63 For the lowtemperature regime, there are also other chalcogenides, such as EuS, 42 EuTe 44 and EuO, 64 which have similar magneto-optical properties as EuSe. The temperature at which these materials show the largest Faraday rotation can possibly be increased by doping with Gd. For example, alloying EuO with Gd can raise the Curie temperature from 69 K to 135 K. 65, 66 EuSe and EuS combine large magneto-optical response, high saturation magnetic flux density, and simple thin-film fabrication via physical vapor deposition. Thus, they are promising materials for further magneto-plasmonic studies with structures that are not restricted to designs including strictly continuous magnetooptical films, as required for true 3D structures. 
